Abstract. The Amazonian tortoise Geochelone denticulata may play an important role in forest dynamics due to its highly frugivorous diet, ability to disperse viable seeds, and predilection for resting in forest gaps for thermoregulation. The purpose of our study was to evaluate the species' effectiveness as a seed disperser. We measured dispersal quantity (abundance of seeds in feces, frequency of droppings, and population density of the disperser) and dispersal quality (movement patterns, habitat use, germination rates of dispersed seeds, and recruitment probabilities of seedlings) in a SW Amazonian forest, in Peru. Population density was calculated by mark-recapture and line-transect methods. Eight individuals were radio-tracked to monitor habitat use. Diet was described from fecal samples, which were washed to count seeds and for germination experiments. Seedling survival in different environmental conditions was monitored for three plant species. Population densities with mark-recapture estimates (0.15-0.31 individuals/ha) were much higher than with line transects estimates (0.0025 individuals/ha). Diet included fruit of 55 different plant species. Dispersed seeds had high germination rates (average 76%). In spite of their low activity, we documented long seed dispersal distances (average 89.6 m). Tortoises showed a marked preference for the open-canopy swampy forest, where long term recruitment was not favorable for seedlings of the species examined. However, the high solar radiation in this forest type promoted survival of pioneer seedlings in the short term. In conclusion, while G. denticulata did not perform a very efficient role in terms of the quantity of seed dispersal, the species can be considered efficient in many aspects of dispersal quality.
Introduction
Many authors have emphasized the importance of seed dispersers in forest ecology due to their role in plant regeneration, which influences the structure and diversity of forests (Howe and Smallwood, 1982; Jordano, 1992; Hubbell et al., 1999; Nathan and Muller-Landau, 2000; Terborgh et al., 2002) . A study in a tropical rain forest found that 1% percent of seeds dispersed by endozoocory are dispersed by reptiles (Arbelaez and Parrado-Rosselli, 2005) and saurocory has only been documented for a few species of lizards and chelonids (Cobo and Andreu, 1988; Traveset, 1989; Milton, 1992; Moll and Jansen, 1995; Varela and Bucher, 2002; Jerosolomski, 2003; Godinez-Alvarez, 2004; Liu, Platt and Borg, 2004; Birkhead et al., 2005; Strong and Fragoso, 2006 Geochelone denticulata is highly frugivorous (diet based on 40-60% on fruits), consuming over 30 different species, including various pioneer plants (Moskovits, 1985; Moskovits and Bjorndal, 1990) . Because of its fruit-based diet and preferences for resting in forest gaps for thermoregulation (Moskovits, 1985) , the species could play an important role in forest regeneration dynamics, acting as a directed seed disperser (Howe and Smallwood, 1982; Wenny and Levey, 1998) . G. denticulata could also be an important disperser of plant species with large seeds, since its beak and digestive system do little damage to seeds (Strong, 2005) . Even if tortoises move slowly and only a few meters a day, long retention times for seeds (10-28 days) can produce considerable dispersion distances for plant species that need to escape from distance-and density-dependent enemies (Strong, 2005) .
The effectiveness of seed dispersal is determined by factors associated with seed dispersal quantity and quality (Schupp, 1993) . Seed dispersal quantity depends on the number of visits by the animals to the fruiting trees, the duration of the feeding time and the rate of effective removal, which in turn indicates the total number of seeds transported by the animal away from parental plants. On the other hand, seed dispersal quality has two components: First, seed quality depends on the kind of treatment that the seeds receive in the mouth and digestive tract (e.g., if the seeds are damaged by chewing or chemical conditions in the gut). Second, seed dispersal quality also depends on the environmental suitability of the location where they are deposited (which includes the characteristics of the dropping itself). These parameters are influenced by the population density of the dispersal agents, their diet preferences, movement and habitat use, treatment of seeds in the gut, and recruitment probabilities of dispersed seeds. The purpose of our study was to evaluate these factors for the Amazonian tortoise Geochelone denticulata, to determine its ecological importance as a seed disperser.
Materials and methods

Study species
G. denticulata, the yellow-footed Amazonian tortoise, is recognized as the third largest continental tortoise that inhabits the humid forests of Colombia, Peru, Bolivia, Brazil, Ecuador, the Guiana's and Venezuela (Pritchard and Trebbau, 1984) . It is classified as Vulnerable (VU A1cd+2cd) by the Red List of Threatened Species (IUCN, 2007) and included in Appendix II of CITES (2002) . Given that G. denticulata is hunted intensively throughout its range, the population decline of this globally threatened reptile is likely to have the same negative impacts on Amazonian forest ecology as the disappearance of large birds and primates (Muller-Landau, 2007; Stoner et al., 2007; Wright et al., 2007) .
Study site
Data were collected between June 2006 and April 2007 at Los Amigos Biological Station, located in Madre de Dios, Peru (12 • 34 06.9 S 70 • 05 56.5 W) at an elevation of 200-300 m above sea level. Mean annual precipitation is 2800-3000 mm with a dry season from May to September (Pitman, unpublished data). The study area contains two major forest types: terra firme and the floodplain forest. However, in these two forests we could differentiate two sub-forest types for the terra firme (mature terra firme forest, and bamboo dominated forest) and four sub-forest types in lowland forest (mature floodplain forest, flooded palm forest, open canopy forest, and riverside forest). Based on the examination of a Landsat image of the 1420-ha study area and field observations, we estimated that 51% of the study area corresponded to mature forest on upland terraces (terra firme), 22% to mature floodplain forest, 14% to flooded palm forest, 8% to riverside forest, 3% to open-canopy swamp forest, and 2% to bamboo-or grassdominated forest (Guadua sp. and Olyra sp.).
Population density
Two methods were used to estimate G. denticulata population density: mark-recapture methods and line transects. We used two methods in order to compare our results with previous studies in other sites, which used these procedures (Moskovits, 1985 . For the markrecapture, four trapping periods were established, using pitfall traps covered with palm leaves and baited with cow meat. Each trapping period had a duration of 5-12 days, with an interval of 2-3 months between them. Traps were located in three forest types: (1) mature terra firme, (2) mature floodplain forest, and (3) open-canopy swamp forest. To calculate population density with mark-recapture techniques it was necessary to include tortoises sighted in the forest and trails in each interval to its nearest trapping period to increase the sample size per period. Population density was calculated with the Schumacher and Eschmeyer (1943) estimate and the Petersen estimate (1986) . Since the latter requires only one mark and one recapture event, we combined data from the first two and the last two trapping periods.
To estimate population density with the line-transect method, a total of 1993 km were walked on the trail system throughout the study period, and the King's estimator was used (Krebs, 1999; Stevenson et al., 2007) .
Movement patterns and habitat use
Three male and five female individuals of G. denticulata were radio-tracked for periods ranging from 39 to 255 days. Telemetry equipment consisted of eight SOPR-2380 transmitters, two TRX-16S receivers, and two 3-element Yagi antennas from Wildlife Materials, Inc. When distances from well-mapped station trails were less than 100 m, daily locations were calculated by measuring the distance and angle from a known coordinate on the trail. Otherwise, the locations were calculated using a GPS (Garmin 76). When distances traveled from the previous day's location were less than 100 m, the angle and distance were estimated. The different types of methods used, provided us with the best and more accurate estimation of the coordinate of the tortoise location for each situation. For example, it would be unlikely to assign a position with an error of 5 m, when the animals were close to the trail system. However, when the tortoises where >100 m from the trail system, the observer could not estimate accurately the tortoise-trail distance. In these cases, we used the GPS that gives an error between 5-15 m, depending of the canopy cover and cloud cover. Each time a tortoise was located we recorded the forest type, refuge used and activity. Total tortoise frequencies in each forest type were calculated and compared with forest type frequency on the landscape, in order to establish forest type preferences using G-tests. Home ranges for individual tortoises were calculated by two methods: (1) the minimum convex polygon of all locations using the ArcView GIS 3.3 program and (2) the cumulative number of hectares used. The first method consists of joining the external locations in which the individual tortoises were seen, however, the area includes places were the individual was never seen. For this reason we used the second method, based on the actual use of 1 ha quadrants. This method allows an assessment of the sample size required to estimate the home range of each individual, when the cumulative number of quadrats is plotted as a function of sampling effort.
Diet and resource preferences
Feces samples were collected once a month from radiotagged tortoises, which were maintained in the station until defecation (typically 1-2 nights). Other tortoises sighted during field work were also taken to the station in order to collect more fecal samples. Fecal samples were washed through filters and separated into the following categories: (1) vegetative plant parts, (2) fruit pulp, (3) seeds, (4) fungi, (5) flowers, (6) vertebrate animals, (7) insects, and (8) other. The diet was calculated by first separating the categories and then estimating the percentage volume each category occupied of the total sample in relation to each other, using a pie chart as a guideline for the estimate. Seeds were identified to the lowest taxonomic level, counted directly (or estimated when their diameter < 0.1 cm) and weighed (dry mass). Fruit preferences were assessed by correlating fruit production in the study area with total seed biomass in fecal samples, for all plants identified to species level (64% of the species). Fruit production was estimated within linetransects (a total of 11.5 km) located on the most important forest types of the study area. These were walked every month, recording all endozoochorous fruiting trees and their fruit abundance (Stevenson, 2002 (Stevenson, , 2004 .
Retention times and dispersal distances
We monitored trees producing fruits in the tortoise's activity range by making a daily census for fruits 50 m around each tortoise between January to March 2006. Retention time and dispersal distance were calculated for the cases in which only one tree per species was producing fruits in a tortoise activity area and the same species seed appeared later in the fecal samples. Dispersal distance was estimated by calculating the straight distance between the location where the individual was captured and the location of the corresponding parent tree. Retention time was calculated as the time between the fecal sample collection and the time when the tortoise was in the area of the fruiting tree.
Seed germination and recruitment probability
When fecal samples contained more than 25 seeds of a single species, we planted those seeds to measure germination rates. At the same time, we planted seeds of the same plant species collected from mature, uneaten fruits directly beneath the parent trees. We compared germination rates between defecated and uneaten seeds with G-tests.
To measure recruitment success, seedlings of Brosimum lactescens (Moraceae), Genipa americana (Rubiaceae) and Spondias mombin (Anacardiaceae) were transplanted from beneath parent trees to six sites on mature floodplain forest and six sites in open-canopy swamp forest. We selected these plant species for our experiments because they where reported in the literature as part of Geochelone denticulata diet (Strong, 2005; Stevenson et al., 2007) and because they provided us with enough seedlings for transplant experiments. In each site we planted 10 seedlings per species into 50 cm×50 cm plots, for a total of 120 seedlings per species. These were checked monthly for survival, for a total of 7 months. Log-rank survival probability tests in JMP program (SAS Institute, 1994) were used in the third month and the seventh month (before and after a critical flooding event of the study site).
Results
Population density
We found 0.15 individuals/ha using the Petersen estimate and 0.31 individuals/ha using the Schumacher and Eschmeyer estimate of the mark-recapture data. Line-transect methods resulted in a much lower estimate (0.0025 individuals/ha). The best time for capturing tortoises was in the beginning and end of the rainy season and in the open-canopy swamp forest (table 1) .
Movement patterns and habitat use
More than 87% of linear daily displacements measured less than 150 m (mean ± SE = 59.5 ± 0.2 m, n = 417) ( fig. 1 ). We found low activity levels since 80% of the encountered tortoises were resting beneath fallen trees or amongst dense vegetation. Two types of movement patterns could be identified: (1) the forage/resting pattern, which consisted of daily displacements < 150 m in a small area, often using the same dense vegetation refuges and sometimes not moving for several days, and (2) the nomadic pattern, in which every day animals walked long distances (>150 m). In the latter cases, the animals moved in consistent directions, did not use dense vegetation for refuge, and never spent more than one day resting in the same place. This pattern was not correlated with age nor season, and it was observed in females and in males (4 and 1 cases, respectively). Only two tortoises could be radio-tracked until the end of their journey due to the difficulty of radio-wave transmission in dense forest. For these two tortoises, total distance traveled ranged between 2 to 3 km and crossed major forest type boundaries (from the floodplain forest to the upland terrace, and vice versa) ( fig. 2 ). The purpose of these movement patterns is unknown. The only male tortoise that dispersed (from the upland terrace to the floodplain) was sighted the 7th of February 2008 by another investigator in the upland terrace, returning to the same area where this individual was foraging 16 months before, and 2.5 km from the floodplain where it was last monitored. This individual was identified by the marks in the carapace that we made and confirmed with the transmitter frequency that he still had attached to it. We found strong preferences for certain forest types (P < 0.001, G = 269, df = 5). Tortoises inhabiting terra firme forest preferred bamboo-or grass-dominated vegetation and avoided mature forest (P < 0.001, G = 36.2, df = 1). Tortoises inhabiting floodplain forests strongly preferred the open-canopy swamp forest (P < 0.001, G = 88.7, gl = 1), avoided flooded palm forest (P < 0.001, G = 33.5, df = 1), and were indifferent to riverside forest (P = 0.99, G = 0.001, df = 1) (table 2) . Home ranges calculated with the minimum convex polygon varied greatly among individuals (9.7-332 ha), due to the dispersal patterns of some of the tortoises that included large areas never used by the tortoise. The cumulative hectares used by individuals through time did not reach an asymptote for tortoises that dispersed or for tortoises with a stable foraging area ( fig. 3 ).
Diet and resource preferences
Diet was dominated by three categories: fruits represented mainly by seeds (37.7%), vegeta- tive plant parts (29.1%), and fungi (22%). In the dry season 73% of the samples contained seeds (n = 30), while in the rainy season the number increased to 91% (n = 32). The volume of seeds and plant parts in the feces shifted between seasons; in the dry season tortoises consumed more vegetative plant parts than fruits, and vice versa (table 3) . We identified 55 plant species and estimated a total of 21 425 seeds in 62 fecal samples analyzed (table 4) . On average, each fecal sample contained 345.6 seeds (range: 0-8801), representing 2.03 plant species (range: 0-8). Of these, 15 species seeds measured > 1 cm wide, 21 measured 0.1-1.0 cm wide, and 19 had seeds < 0.1 cm wide, which correspond to pioneer plant species.
We found no correlation between seed biomass in the feces with fruit availability (P = 0.59, F = 0.3). We identified preferences for fruits frequently dispersed, but not abundant in phenological transects (e.g., Apocynaceae: Rauvolfia micrantha, Fabaceae: Lecointea amazonica, Annonaceae: Rollinia sp., Moraceae: Helicostylis tomentosa, Ficus spp. and Brosimum lactescens).
Retention times and dispersal distances
We estimated mean retention time as mean ± SE = 21 ± 2.3 days, n = 7. Seed dispersal distance was of mean ± SE = 89.6 ± 9.2 m, n = 8, and the range was between 20 m and 206 m, excluding one case of long-distance dispersal of 1700 m due to the nomadic pattern of one tortoise. Coussapoa sp. 
Seed germination and recruitment probability
The mean germination rate of seeds defecated by tortoises was of 76 ± 2.5% (mean ± SE), n = 11. Seeds of Ficus sp. 1 (P < 0.001, G = 20), Ficus sp. 2 (P < 0.001, G = 39) and Rauvolfia micrantha (P < 0.001, G = 72) that had passed through a tortoise's digestive system had higher germination rates than uneaten seeds. In contrast, seeds of Brosimum lactescens (P < 0.001, G = 54) and Cecropia sciadophylla (P < 0.001, G = 18) seemed to suffer a negative effect from endozoochory by tortoises. However, the result for seeds of C. sciadophylla and Ficus sp. may be biased due to fungi contamination during the experiment. We found significant differences (P < 0.001) at 3 and 7 months for seedlings of B. lactescens, which survived better in the mature forest than in open-canopy swamp forest (X 2 = 80, X 2 = 58 respectively for 7 months). Seedlings of Spondias mombin showed better survival in the open-canopy flooded forest, but the difference was close to statistical significance (P = 0.068). All three species studied showed low survival following a significant flood when seedlings in the floodplain were under water for several days.
Discussion
The population density of G. denticulata in Los Amigos, using the mark-recapture technique (0.2-0.3 individuals/ha), resulted similar to Maraca's population density (0.2 individuals/ha) estimated by Moskovits (1985) with the same estimation method. Line-transect methods underestimate tortoise densities due to the cryptic habits and low activity patterns of these tortoises. Therefore, the population density of 0.32 G. denticulata individuals/ha estimated using line transect in Tinigua Park, Colombia , may imply a very high density. Tortoises at Los Amigos Biological station showed a marked preference for open-canopy swamp forest, just as captive tortoises prefer humid areas with dense vegetation (Auffenberg, 1969) . Fruit consumption and activity levels were higher in the rainy season as expected due to the mating season and high fruit availability (Moskovits, 1985; Stevenson et al., 2007) .
The cumulative curves in fig. 3 suggest that one year of monitoring may not be enough to determine the home range for G. denticulata. Home range estimations depend greatly on occasional and unpredictable nomadic behavior, which increases the variability in the area estimates. The observations from the male that dispersed from the upland terrace to the floodplain and that was sighted later in the original upland area used 16 months before, suggest that this tortoises could have cognitive abilities to develop mental maps. G. denticulata may use these abilities to migrate in a defined home range rather than being nomads with no orientation, which seems possible since congeners in laboratory conditions seem to develop spatial learning processes (Wilkinson, Chan and Hall, 2007) . However, it is difficult to generalize due to the great individual variation in these species, as noticed by Moskovits (1985) .
Female dispersal movement pattern has also been reported for other chelonids (FachinTeran, Vogt and Thorbjarnarson, 2006) . However, detection rates may be male-biased in some populations, suggesting that males travel more than females in order to gain reproductive opportunities .
The mean dispersal distances from parent trees documented in this study are sufficient for seeds that need to escape from densitydependent and distance-dependent predators (Hubbell et al., 2001) , and the long-distance seed dispersal produced by migratory displacement can be of great importance in determining colonization rates (Clark, 1998) .
Seedling recruitment in the preferred forest type, the open-canopy swamp forest, was not favorable for the species examined since they died rapidly during flooding. However, prior to the flooding period, the light-demanding species (S. mombin) showed better development in this habitat than in mature forest, indicating that directed dispersal by G. denticulata is possible. This result suggests that tortoises inhabiting terra firme forests may disperse pioneer seeds to canopy gaps not affected by flooding. Therefore, new studies should focus on the role of Geochelone tortoises as directed dispersers to canopy gaps in terra firme forests.
Overall, the tortoises did not perform a very efficient role in terms of the quantity of seed dispersal due to the low density in the area and the low frequency of deposition. For example, large primates such as woolly monkeys defecate on average thirteen times per day (Stevenson, 2002) , while a G. denticulata tortoise deposits feces on average 1.5 times a day. Therefore, it is possible to estimate the number of seeds dispersed by the tortoise population as follows: 31 indiv.km −2 .1.5 feces.day −1 .indiv −1 .345.6
seeds.fecal sample −1 = 16 070 seeds.km −2 . day −1 . In comparison, the number of seeds dispersed by a population of woolly monkeys was 1 064 289 seeds.km −2 .day −1 in a place of high population density (Stevenson, 2007) . However, G. denticulata can be considered an efficient disperser in many aspects of dispersal quality, given their extended seed shadows associated with the large variation in patterns of habitat use and moving behavior. Similarly, the germination rates of dispersed seeds are high in comparison to other reptiles (Traveset and Verdú, 2002) , and similar to legitimate primate dispersers . Finally, they have a potential as directed seed dispersers for pioneer plants in terra firme forests. All these arguments suggest that G. denticulata could be considered an efficient seed disperser, positively influencing plant fitness.
